L i St o

T i

ok
FONE TR
¥z

e

e S e 25 e AR

i
|
4
i
H




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT

'NUMBER OF PAGES WHICH DO NOT
 REPRODUCE LEGIBLY.




-~

N v,
EN S
SRR RS TORRIRICINN | vpese et S S M OO e o e -

e ;,\

~

R o e o

U.D.C. No. 621.455-846 : 546,137-33 : 541,126.2 : Bh6.11 ¢ S46.171.1

ROCKET PROPULSION ESTABLISHMENT
YIESTCOTT

Technical Report No. 66/8

June 1966
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)
The ignition of polyisobutene, polyurethane, polystyrene and polymethyl-
methacrylate has been studied with oxygen gas end with perchloric acid vepour
under the same experimentzl conditions. All these fuels ignited with perchloric
acid vapour at 200—250°thhereas ignitions with oxygen were only achieved at
temperatures above 350007 Less volatile fuels such as carbon black, nylon and
terylene also ignited with perchloric acid vapour at 200—25000: Ignition of
ammonia, methane, ethylene and isobutene wes not achieved by perchloric acid
vepour in the absence of a surface at 200-25006; In the presence of a surface
the order of decreasing ignitaebility was ammonie, isobutene, ethylene, methane.
Cupric chromate and ferric oxide were effective catalysts in the ignition of
gaseous fuels with perchloric acid vapour. Titanium dioxide, silica and alumina
had no detectable effect. It is concluded that in ammonium perchlorate
propellents the important reactions leading to ignition are heterogeneous rather
than homogeneous, and that in & catalysed propellent the reaction of ammonia
and perchloric acid on the surface of the catalyst is the significent reaction.
The results are discussed in relation to current theories of the mechanism of

the ignition of composite solid propellents containing ammonium perchlorate.

*Part of the work presented in this rcport was contained in R.P.E. Technical
liemorandum No.377, November 1965.
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1 INTRODUCTION

During recent years there has been much interest in the mechanism of
ignition of solid propellents, particularly in the ignition of composite
propellents containing ammonium perchlorate as oxidizer. Two different mecha-
nisms have been suggested on the basis of the experimental data obtained, onre
proposing that the important exothermic reactions which lead to ignition occur
between fuel and oxidizer gases in the vapour close to the propellent surface,
and the other proposing thet the exothermic reactions occur between gaseous

oxidizer and fuel at the propellent surface.

The first mechenism was proposed by Hchlevy et al1 following ignition
experiments in & shock tube in which samples of polystyrene, and samples of
composite propellent containing polystyrene as fuel and ammonium perchlorate as
oxidizer, were ignited with hot oxygen gas under pressure. The surface temp-
eratures of the polystyrene and propellent samples in these experiments were
only about 160°C, which is much below the temperature at which ammonium
perchlorate decomposes rapidly, and yet ignitions were achieved in only a few
milliseconds, Mcilevy believed that ignition occurred when vaporized fuel
diffused from the surface and roacted with the oxygen which was at a temperature

of about 1000°C.

Anderson et alz, following experiments on the hypergolic ignition of
propellents with such oxidizers as fluorine and chlorine trifluoride, proposed
the alternative mechanism that the essential "run-away" condition resulted from
a heterogencous reaction between oxidizer gases and the solid fuel, Furthermore,
Anderson suggested that the dependence of ignition delasy time on oxygen concen-
tration, experimentally determined by McAlevy1, fitted the heterogeneous

mechanism better than the homogeneous mechanism.

Recently, however, HcAlevy3 has produced experimental evidence tc show

that there is no reaction at a pressure of 200 lb/in2 and a temperature of 20000
between oxygen gas and polystyrene., This supports his proposed mechanism,
deduced from his shock tube experiments, McAlevy concluded that, whereas it is
probable that thermo-chemical attack on a propellent surface by certain extremely
powerful oxidizing agents, such as fluorine and chlorine trifluoride, could lead
to ignition via a heterogeneous mechanism, it is highly unlikely that this
mechanism is generally valid when less powerful agents, such as oxygen and

perchloryl fluoride, are presente.

It must now be pointed out that the gases produced by conventional solid

propellent ignition systems are not oxidizer rich and therefore the oxidizing
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species in the ignition reections must be derived from the oxidizer in the
propellent., In the case of ammonium perchlorate composite propellents it is
well established 23 that the initial products of the decomposition of ammonium
Perchlorate are ammonia and perchloric acid and that this decomposition cccurs
at an appreciable rate at a temperature of about 300°C6 with the commercial
grode ammonium perchlorate used in propellents. Furthermore, Powling has
recently affirmed7 that at low pressure the flame above such a propellent is

a premixed fleme of perchloric acid, ammonla and the pyrolyzed fuel. In all
! therefore, the reactions to be conszde%ed in ignition are those between
Perchloric.acid and ammonia, gaseous fuel or solid fuel.

———— & o—

Perchloric acid vapour, although not as powerful an oxidizer as fluorine
and chlorine trifluoride, is much more reactive than oxygen8. It was therefore
considered pertinent to determine whether it could produce ignitions wi’h fuels
over a range of temperatures extending below 300°C, or if ignition coula accur
only when the perchloric acid and vaporized fuel had diffused from the propel-
_ lent surfuce into the higher temperature region of the igniter gases. The
F ‘ ignition of fuel by perchloric acid vapour has hitherto only been studied for
simple gaseous fuels (hydrogen9 and methane1o).

o e w eermaen
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! _ In the present work, ignition studies have been nmade using both oxygen

3 ‘ and perchloric acid vapour with solid fuels typical of those used in composite
%‘ - solid propellents. These have been extended to include gaseous fuels which
mey be expected to be present over the surface of such a propellent.

2 EXPERIMENTAL

E 2.1 Apparetus and techniques
}% | 2.1.1 Solid fuels

The apparatus used for solid fuels was a modified veraion of that
proviously described11 for the study of premixed fiames of perchloric acid
vapour at atmospheric pressure. The jacket tube was removed and the burner
wes bent so that the acid vapour emerged downwards from the end of a pyrex
tube, 4 mm internal diemeter,

The acid vapour was directed either into a 2% inch long % inch diameter

i pyrex tube containing a sample of the fuel and heated by nichrome wire, or
onto an unheated sample of fuel placed on a small watchglass at a distance of

4 inch from the acid vapour tube., Temperaturcs in the oxidizer flow and in the
heated fuel tube were measured immediately before each experiment by chromel-
alumel thermocouples, using a cold junction in ice,
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The amount of fuel in each experiment was approximately a % inch cube.
In the heated fuel experiments the sample was allowed to warm up for 30 seconds
in the heated tube before introduction of the oxidizer. Once ignition was

achieved, combustion was always sustained.

Oxygen vas also passed through the same apparatus so that a comparison
could be made. In each case the total flow rate was about 25 cc sec—1 at NTP,
The oxidizer mixtures used were (i) 100% oxygen, (ii) 60% oxygen 40% argon and
(iii) 22% perchloric acid, 48% water and 30% argon (per cent by volume). All

experiments were carried out at atmospheric pressure,

2.,1.2 QGaseous fuels

The apparatus used was a modified version of that for solid fuels and is
shown in Fig,1. Perchloric acid vapour, diluted with about‘an equal volume of
argon, and fuel streams were directed into a shallow depression in a ceramic
plate. The glass tubes (i.d. & mm) supplying the gaseous reactants had flared
ends so that the asbestos covered heating wires were shielded from the igniting
gasess The tubes could be swung into position by rotation at ground glass
joints, Temperatures were measured by chromel-alumel thermocouples, using a
¢old junction in ice. In experiments using the ceramic tile with {the embedded

therrocouples a continuous temperature record was obtained.

Ignitions with gaseous fuels were also studied in the absence of a surface
by removing the ceramic tile and hot plate and allowing the reactant jets to
impinge in the atmosphere. In some of the gaseous fuel experiments a clean
glass rod (7 mm dia) was introduced ebout 5-10 mm below the tubes to provide a
surface. In the experiments with solid fuels and with catalysts, 30 seconds

were allowed for the samples to warm up before the ignition tests were made.

It is convenient to designate the basic experimental arrangements as

A, B, C and D in the following way:

At Solid fuel apparatus (acid vapour directed into a closed tube).
B: fpparatus in Fig.1, Ceramic tile ond hot plate present.
As B, but ceramic tile and hot plate removed.

Cs
D: As C, but with a glass rod present.

In a given series of experiments at : iixed temperature, ignition tests
with hydrocarbon fucls werec always preceded end followed by ignition tests with
ammonia to check that the surface was unchunged, since it was found that the

ammonia-perchloric acid system was scnsitive to small amounts of catalyst on

the surface.
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22 Materials

The perchloric acid was of analytical reagent grade. This contained 72%

acid by weight (i.e. HCIGA, 2,17320) and is the copstant boiling point mixture
0

(b.ps 203 C at 1 atm).

The gaseous fuels were methane, ethylene (British Oxygen Company Limited),
isobutene (Matheson Company Inc.) and ammonie (I.C.I. Dimited). The solid
fuels were carbon (active charcosl ~ Sutcliffe, Speakman & Company Limited,
decolourizing charcoal -~ May and Baker Limited, and sugar charcoal - Hopkins
and Williams Limited), nylon, terylene, polymethylmethacrylate (I.C.I. Limited),
polystyrene, polyursthane rubber (both polyether and polyester types) and
polyisobutene (as used in British plastic propellents). The polyisobutene

was a viscous fluid and the polyurethanes were soft rubbers.

Substences used o test for catalytic activity were cupric chromate,
ferric oxide, silica, alumina and titanium dioxide (Hopkins and Williams
Limited).

Al) materials were used as received.
3 RESULTS

3.4 Solid fuels

The results of the experiments with perchloric acid vapour and oxygen
on polyisobutene, polyurcthane, polystyrene and polymethylmethacrylate are
3 shown in Table 1., In addition, a few experiments were made using pyrolyzed
S : perchloric acid vapour (27..:% by volume oxygen, 7.9% chlorine, 42% water and
E 22.8% argon) at 400 to 140°C but in no case was ignition achieved. It is seen
from Table 1 that, whereas no ignitions were achieved with oxygen at tempera-
3 tures in the range 200 to 30000, all the fuels ignited with perchloric acid
vapowr in this range. With all fuels except polystyrene the ignition delays
became small as the temperature approached 30000. When the fuel samples were
initially ot ambient tempereture ignitions were achieved in two cases, though

with somewhat increased ignition delay +imes.

With oxygen ignitions were achieved only at temperatures well above
30000 and in some cases tomperatures above AOOOC were requireds, The results
3 therefore show quite clearly that 72% perchloric acid vapour is e much stronger

oxidizing agent than oxygen gas end readily ignites most propellent fuels at !

the tomporature provailing at the propellont surface. ;
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Experiments were also made using perchloric acid with less volatile fuels,
Carbon, nylon and terylene were used as examples of fuels with low vapour
pressures at 200"25000. Since some of these experiments were made with apparatus
B, polyurethane rubber and polymethylmethacrylate were also used to permit a
comparison v‘;ith the results obtained from apparatus A, The carbon ceme from
four sources - two sampies were activated charcoal (one from an unidentified
source), one was decolouriging charcoal and the fourth was sugar charcoal.

These were heated to 500°C for 2% hours before use to ensure that any readily
volatile materiels were removed.

The result§ obtained with perchloric acid vapour are shovn in Table 2.
The finely divided charcoal ignited rapidly but lumps of sugar charcoal would
not ignite at 200°C. The other fuels all ignited readily except for terylene
which presented some difficulty.

3.2 Gaseous fuels

Ammonie, methane, ethylene and isobutene were used as gaseous fuels.

e i S B i b, oo, W At o ot bt

Ammonia was chosen because it is produced when ammonium perchlorate is

vaporizedh’s. The others were chosen because it has been shown12 that poly-
isobutene, a fuel in British plastic propellents, is pyrolyzed to yield icobutene

at about 350°C, and also methene and ethylene at about L75OC. Polyisobutene vas

not used as a fuel in these experiments because, on exposure to perchloric acid
vapour, it chars badly and becomes mobile,

Ignition delays with perchloric acid vapour are chovm in Table 3 and in
the presence of a cctelyst in Table 4. No ignitions were observed in the absence
of a surface (experimental errangement C)., Introduction of a glass rod (D)

caused ignition to occur only with smmonia and isobutene.

At 220°%C with a heated ceramic plate (B), ammonia ignited after a short
delay, isobutene igrited occasionally with a long delay, and methane and
ethylene would not ignite. However, at 290°C the situstion was somewhat more
distinct; ammonia ignited after a short delay (<2 sec), isobutene ignited after
a longer delay (<30 scc), ethylere generally would not ignite (5300 sec), and
methane did not jignite at all.

The seme order of ignitability was observed in the presence of a catalyst
(copper chromate). Ammonia at 200-30000 would ignite rapidly with no noticeable

deley, ignition occurring &s the fuel and oxidizer tubes were swung together.
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At 290°¢ isobutene ignited with a short delay (~0.2 sec), ethylene ignited after
‘a long delay (~30 sec), and methane would not ignite, Ferric oxide was as
effective a catalyst for the ammonia-perchloric acid ignition as cupric chromate,
but titanium dioxide, silica and alumina did not effect detectable reductions

in the igniticn delays.

Whenever ignition wds achieved, combustion was always sustained.

An interesting observation was that cupric chromate, placed on a cold
spatula or glass rod and introduced into a jet of ammonia at 290°C would glow
and give sparks after a delay of ebout 7 seconds. 4&n even shorter delay
{<1 sec), was observed if the oupric chromate was preheated. However, since
the ignition dei&y of ammonia and perchloric acid in the presence of cupric
chromate was much less than that required to initiate the glow, this phenonenon
may be neglected in evaluating the results. 'Only when the cupric chromete was
preheated Q~290°C) ¢id » similar glow appear with isobutene, No glowr was
observed with methane and ethylene,

L DISCUSSION

The theory of the ignition of solid propellents has recently been -
thoroughly reviawed13, There are three contending theories - the soiid,
heterogeneous, and gas-phasc ignition theories. The solid phase theory was
developed primarily for double-base propellents and is much less plausible for
composite ammonium perchlorate vropellents, Subsequently, Summerfield et al
developed the gas—phase model in which a hot oxidizing environmental gas and
fuel vapours from the propellent mixed and reacted to produce ignition, On
the other hand, Anderson et a12 developed the heterogeneous theory as a result
of expecriments on the hypergolic ignition of propellents with such oxidizers
as flaorine ond chlorine trifluoride. It postulates that the oxidizer is
decomposed by externel heating, and the resulting geseous products then attack

the solid fuel surface.

The present work with fuels used in composite propellents has shown that
ignition can occur rapidly ot the docomposition temperature of ammonium per-
chlorate and thet it is not necessery for the perchloric acid-fuel mixture to
become further heated by diffusing from the propellent surface into the hotter
igniter gases., However, this same work does not permit one to deduce whether

the important exothermic reactions, which leed to ignition, occur between

perchloric acid vapour and either thoe solid fuel or the vaporized fuel.

s - Bt 2 - - i
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Two approaches to the solution of this question have been made, Tirst,
ignition studies have been carried out with less volatile fuels - carbon, nylon
and. terylene. Since these can be ignited and, in particular, because finely
divided carbon reacts rapidly, this strongly suggests that heterogeneous
reactions lead to ignition., This is tc be compared with the heterogeneous
mechanism recently proposed.ﬂ”15 for thé ignition of pulverized coal particles
in air at a temperature of about 1000°C. It has recently been determinedﬁ
that the vapour pressure of the polyisobutene was sgbout 7 mm Hg at 250°C. Thisg
low value gives additional support for a2 heterogeneous mechenism, although it

is known that the resulting ecid-rich mixture would be flammable11.

The second approach has been to study the ignition characteristics of the
gaseous species expected to be present above an ammonium perchlorate — poly=-
isobutene propellent (i.c. plastic propellent) and to determine the effect of
surfaces and catalysts upon these ignition characteristics. The gaseous
species used were those known to be formed in the pyrolysis of polyisobutene12

(isobutene, methene and cthylenc), along with ammonia.

It has been shovm that the ignition of gasecous fuels with perchloric acid
vapour is much slower than that of the s0lid fuel which would form fhese gaseous
fuels by pyrolysis. Conscquently, this cgain strongly suggests that hetero-
geneous reactions lead to ignition in a propellent containing smmonium

perchiorate,

The ignition of a composite ammonium perchlorate propellent may now be
considered in more detail, After the igniter has fired, the itemperature of the
ammonium perchlorate and the fuel at tﬁe surface starts to rise. The ammonium
perchlorate will veporize and decompose to ammonia and perchloric acid, and
the fucl will vaporize aand pyrolyze to give a mixture of simple hydrocarbons
and fuel monomer., There are scveral possiblc reactions by which such a system

may proceed to ignition and these are outlined:
(1) ignition by gaseous reacticns

G.gs Peorchloric acid - ammonia
perchloric acidé =~ f'uel monomer

porchloric acid - simple hydrocarbons,

(ii) ignition by gaseous reactions in the presence of a catalytic surface

€e8s Perchloric acid - ammonia - catalyst

perchloric acid - monomer - catalyst,

T Tt 4 o Rt R SIS SRANOS S A SOOI
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and  (iii) dgaition by heterogeneous reactions %
N
6:%. perchloric acid - solid fuel X
perchloric acid ~ ammonium perchlorate. ?
4 fourth possible route to ignition is by exothermel reactions occurring :
in the §olid13, but this is not considered relevant to composite propellents. i
It is to be emphasized thet groups (ii) and (iii) include the hetero- g
geneous decomposition of perchloric acid vapour to chlorine oxides, which way 3
‘g subsequently react either homogeneously with geseous fuels or heterogeneously ;
i with solid fuel. 4
4 i .F
§ It has been shown that ignition by reactions in group (i) are much

slower at low .temperatures than in groups (ii) and (iii). In group (ii) it

has been shown thaet the perchloric acid ~ ammonia - catalyst system ignites
much faster than the perchloric acid ~ gaseous hydrocarbon -~ catalyst system.

In group (iii) the reaction perchloric acid - solid fuel is much faster under
the experimental conditions used than is perchloric acid - ammonium perchiorete.
Ignition has not been observed in the present study by passing perchloric acid
vepour over solid ammonium perchlorate, although Osada and.Kakinouohi17 have
recently reported differential thermel analysis data in which addition of small
quantities (~0.1 cc) of perchloric acid (60%) to ammonium perchlorate resulted
in explosion at 25000. They have also ghown by differential thermsl analysis

N
WY WA

thet a polybutadiene rubber ~ perchloric acid mixture will ignite at 19000.
This is in agreement with our results with perchloric acid vapour.

It was found experimentally that perchloric ecid - ammonia - catalyst é

mixtures ignited fester than perchloric acid —~ solid fuel mixbtures. Since,

in the practical case of an emmonium perchlorate propellent, the ammonia and
perchloric acid will be vaporized together it seems probable that in the
cetalyzed propellent ignition will occur as a result of heterogeneous reactions

%

between the ammonia and perchloric acid vapour on the surface of the catalyst.
The alternative route would involve diffusion of the perchloric acid vapour
back to the fuel surface before heterogeneous reaction could occur and this
appears less probable. In an uncatalyzed propellent it is likely that both

the perchloric acid - smmonia reaction on the propellent surface and the
porchloric acid - solid fuel reaction lead to ignition. In this case the
ambient pressure probebly dctermines which reaction is dominent, High pressure
would favour the perchloric acid ~ ammonia reaction since it would inhibit
diffusion of the perchloric aciéd back to the fuel surface. This conclusion is

T T R NN OB inisig,
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in agreement with the combustion mechanism7 proposed for a composite propellent
at high pressure, which requires a premixed perchloric acid - ammonia flame

close to the surface of the ammonium nerchlorate crystal.

The catalysis of the perchloric acid - ammonia reactien by either cupric
chromate or ferric oxide is in accord with the observations that these
substances are effective catalysts in the ignition of propellents18’ 19 20.

The inert natures of titanium dioxide, silica and alumina are also in agreement

. . e s . 21
with previous work on the ignition of ammonium perchlorats™ .

The present findings give strong support to the conclusions made by
Vise et al18 as a result of experiments on the ignition of ammonium perchlorate -~
copper chromite mixtures in an arc image furnace. They concluded that when
ignition occurred by reactions involving gaseous species, the critical species
was perchloric acid, and thet the copver chromite promoted ignition by
catalysing the decomposition of percnloric acid, which could then react with
gaseous fuel.

Wisc has also shown18 that at high heat fluxes, similar to those occurring
in practice, higher surface temperatures must be considered., It is assumed
that the present findings may be extrapolated to this higher temperature ange.
However, Levy22 has shown that in a quartz vessel the homogeneous decomposition
of perchloric acid vapour predominates over the heterogeneous decomposition at
temperatures in excess of 31000. Thus it might be expected that homogeneous
gas phese recactions will be increasingly important at thesc higher temperetures.
Neverthcless, in the case of ignition of a solid propellent the surfaces
available for heterogencous reactions will bc more active than a gquartz surface.
Therefore, the transition from hetcrogencous to homogencous decomposition will

be expected at a much higher temperature than that found by Levy,

To summarize, although the homogeneous gas phasc theory of solid propel-
lent ignition provosed by Summerfield et al1 is valid under their experimental
conditions (oxygen gas under prossure in a shock tube) the present work suggests
that it is invalid for composite solid propellent ignition in a rocket motor.

On the other hand, for this latter cese, the hcterogeneous theory suggosted by
Anderson ct a12 is probebly valid, but it is unlikely to be so for ignitions

in a& shock tube containing goscous oxygen.
5 CONCLUSIONS

Non~volatile fuels such as carbon readily ignite with perchloric acid

vapour at 200 to 30000. At these temperatures gaseous fuels ignite only in

Pk, U]
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Table 2 1

13

Ignition delays of polyisobutene (PIB), polyurethane (PU), polystyrene (PS),

and polymetnylmethacrylate (P\') with oxygen and perchloric acid vapour

Termperature, ¢

Tuel Oxidizer Iggi;:.ion Remarks®
eray Oxidizer | Fuel
PIB OUxygen <1 sec LA L30
60 sec 357 7 average of 3
02/ Ar <1 sec Ly 451 average of 2
(15:10) <1 sac 407 426 average of 3
29 sec 407 4Lo7 average of 2
3 min 19 sec 351 330, average of 2
Perchloric ncid <1 sec 288 272
(72%) 23.5 sec 258 208
19- sec 179 200 average of 2
no ign, 212 20
PU Oxygen é} sec L29 L17 average of 2
o {.>3 min no ign. 353 345
0o/ Ar 60 sec 148 455 average of A
(15:70) 9 sec L2k LA average of 2
L > 5 min no ign. 3.3 217
Perchlori_c acid <1 sec 295 248
(72%) <1 sec 251 211 average of 2
4 sec 179 213
<1 sec 295 18 .
9 - sec 295 18
4.5 sec 214 20 average of 4
' 25 sec 195 19
PsS Oxygen 50 sec L2 457
C >4 min no ign. 357 3
L 0p/Ar 5 mi. no ign. 155 INNy average of 3
(15:10)
Perchloric acid 38 sec 200 270 average of 2
. (72% 83 sec 300 278 4120 sec preheat
L 2L.,.5 sec 249 220
158 sec 255 22L,
>5 min no ign. 258 215
>3 min no ign. 296 18
»5 min no ign, 208 20
nu Oxygen >3 min no ign, 42 . W45 average of 4
red glow
>3 min no ign 360 35
Perchloric acid 2,2 sec 303 . 270 average of 2
(7259 7 sec 2h5 217 average of 2
10 sec 30, 18 average of 2
20 sec 237 19 average of 2

[}
H

8 ppparatus A was used throughout

PRECEDING PAGE

LANK




iy &0

(i auie e,

14

Table 2

Ignition deleys of solid fuels with perchloric acid vapour

. Temperature, °C
Fuel Apparatus dg%zitlggc Remarks
oL Oxidizer | Fuel
Active charcoal (I) A - <t 254 229 | average of 2
<1 231 230 | average of 2
Active charcoal (II) A <4 ont | 221
<l 220 202
Decolourizing carbon A < 242 232
< 225 204
B <4 203 188
Sugar charcoal B ~ 203 193 | fine powder
Nylon A 1,8 261 251
22,2 219 205
Terylene A 15.8 261 239 difficult %o
>180 no ign| 219 209 ignite
Polymethylmethacrylate B 0.5 287 291 | average of 2
342 262 244 | average of 3
6.6 219 20k | average of 2
Polyurethane B 0.5 203 184 | average of 3
(polyether) .
Polyurethane B C.5 203 186 | average of 2
(polyester)”
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Table 3
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Jgnition delays of gaszeous fuels with perchloric acid vapour

15

Ignition delay,

Pemperature, °C

Tuel Appearatus sec Remarks
Acid | Fuel | Surface

NH3 No ign, 300 210 200 -

CoH, No ign, >300 210 | 200 -

NH3 D 18,2 210 200 - average of 7
C2HZ¢. D No ign. 120 210 200 -

i No ign. %80 270 | 265 -

Isobutene No ign. 3180 270 265 -

C2HZ;. No ign, ¥180 270 265 -

NHB D 20.7% |[270 | 265 - average of 2
Isobutene D 1.3 270 265 - average of 2
Colf, D No ign, #80 270 | 265 -

NH3 B L,2 205 190 225 average of 29
Cﬁh B No ign. %80 205 190 225

CZHL B No ign, %00 205 190 225 average of 2
Isobutene B 42,5 205 190 225 average of ub
?HB B 3.5 210 200 220 average of 9
NH3 B 1.1 275 260 290 average of 10
Cﬁu B No ign, %00 270 260 295 average of 2
0234 B No ign. 300 275 260 290 average of 2°
Isobutene B 32,2 275 260 290 average of 13
NH; B 0.6 275 ' 260 290 average of 12

]

8The position of the glass rod varied slightly in each test, hence this

somevhat high value.

b1y two cases ignition did not ozcur (>240 sec).

CTegnition occasionally occurred but wes not reproducible.

Gas flow for each test was:

fuel

perchloric acid

argon
water

10 cc sec”

1

5 c¢c sec”
10 cc sec”
10.8 cc sec”
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Table 4
Ignition delays of gaseous fuels with perchloric acid
vepour in presence of catalyst
crs Pemperature, °C
Fuel  |Apparatus|Catelyst Ignltlgzcdelgy, Remarks
Acid| Fuel |Surface

NH5 D cceé No delay 210 | 200 - average of 2
CZHL D CC No ign.»180 210 1200 - average of 2
'NH3 B cC No deley 220 | 200 220 average of A
Isobutene B cC 3 220 {200 | 220 |everage of 3P
Czﬂa B cC No ign. 300 220 | 200 220 average of 2
NH3 B cC No delay 280 {265 290 average of 4
Isobutene B CC ~0,2 280 {265 290 average of 5
CzﬁL B cC 312 270 {260 295 avarage of 9
CHQ B cC No ign.>300 270 |260 295 average of 2
NH5 B None 3.3 225 1205 225 average of 6
NH3 B GC No delay 225 1205 225 average of 3
HH3 B T102 L1 225 1205 225 average of &4
NH3 3 Fe203 No delay 225 {205 225 average of 3
NH3 B A1203 b,6 225 1205 225 average of 5
N'H3 B 3102 3.0 225 | 205 225 average of 8
NH3 D cC No delay 210 1200 - average of 2
NH3 D c 7.0 ~C 1265 - average of 3
NH3 ! B cC No delay ~C 1275 285 average of 2

&Cupric chromate.
bAn aging effect of the catalyst was observed (possibly due to acid

attack);
ignition (180 sec) in another.

effective with ammonia.

CNo perchloric acid present,

Gas flows were as in Tavle 3.

aged catalyst caused ignition at 137 sec in one case and no
However, this catalyst was still
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